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Abstract

The radiative and collisional dynamics in the B 3H(O+)
state of bromine monochloride have been studied using time-
resolved and steady-state, spectrally-resolved laser induced ,
fluorescence techniques. Radiative lifetimes and rate
constants for electronic quenching, state-to-state vibrational
transfer, and total rotational removal were obtained from

observed BrCl(B-X) emission in the presence of Cl He, Ne,

2’
Ar, Kr, Xe, N2, and 02 buffer gases. Vibratlional states
v“’=0-7 were probed and emission observed from states v~ =0-6,
Energy transfer processes in BrCl(B) are strongly coupled due

to similar energies for vibrational spacing and average

translation.

The BrCl(B) radiative lifetime 1s 38.7 +/~ 1.7 us,
independent of vibrational state for v°<6. The electronic
quenching of a thermalized BrCl(B;v”) distribution 1is
fnefficient with rate constants ranging from .

-14 13

7.8 x 10 cm3/molec-s for Neon to 4.3 x 10 cm3/molec-s

for C12. The electronic quenching due to O2 collsions 1is
anomolously fast with a rate constant of

6.5 x 10—12 cm3/molec-s. The quenching of nonthermal
vibrational distributions is considerably more rapid and due \

to both ro-vibrational ladder climbing to predissociated “

states and resonant electronic transfer to excited electronic

x1ix /

o
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$$ states of C12. The 012 quenching rate constants vary from
\N’
4.3 x 10-13 cm3/molec-s for v7'=0 to 1.4 x 10.-10 cm3/molec—s

for v =6,

Vibrational transfer in BrCl(B) is rapid, as expected
from the small vibrational energy spacing. The fundamental
rate constant for vibrational transfer from v“ =1 to v“=0 with

chlorine as the collision partner is 1.3 x 10-11 cm3/molec-s.

|
.5
!
5
a
j

Scaling of the vibrational rate constant with vibrational
quantum number obeys a power law with an exponent of 0.63.
Vibrational transfer with the noble gases 1s less efficient

with fundamental rate constants ranging from

12

4 x 10~ cm3/molec-s for helium to 2.0 x 10—12 cm3/molec-s

for krypton.

Rotational transfer in BrCl(B) is very efficient with

total removal rates ranging from 1.6 x 10.10 cm3/molec-s for

-10

chlorine to 2.43 x 10 cm3/molec-s for argon. Rotational
transfer rates scale linearly with the square root of the
reduced mass of the collision pair, as predicted by classical

angular momentum considerations.

2 ) - X IZ + laser has been
g

demonstrated. Spectroscopic assignments have shown that

B dnco *
u

A dye laser pumped Br
lasing occurs from 10 £ J° £ 63 in 12  v” K17 using Rhodamine
590 dye. The output appeared limfited to the 79-81 isotope of

Br.,. By utilizing stimulated emission as a monitor for laser

2

.

A0 excitation spectra, dramatic {increases in the resolution were

-
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e obtained that exceed the normal resolution of the dye laser.
The Bt2 laser operated at Br2 pressures of up to 60 torr,
despite severe natural predissociation and self quenching. A
simple model to explain the characteristics of the Br2 laser

is decsribed,
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I. INTRODUCTION

A, Historical Perspective

The earliest chemical laser:sl—5 were based om the
establishment of an inversion between vibrational states as g
proposed by Polanyi6 in 1965. Exothermic reactioans,
liberating their energy iInto the stretching of newly formed
chemical bonds can provide both complete and partial
vibrational population inversions. These early chemical
lasers were pulsed, low power devices used primarily to study
chemical kinetics. Only after Cool and Stevens7 demonstrated
an HF chemical laser requiring no electrical input, were high

power, highly efficient chemical lasers envisioued.8 :

The subsequent development of chemical lasers such as

,9-12 ,11’13 C02’14-17 and C018“20 was rapid and .

extensive. High power, pulsed and continuous-wave (CW)

HF DF

devices with high mass flow efficiencies and wavelengths

) 0 0 @

ranging from 126.5 um to 2 um were developed.8

There are many important potential applications for short

wavelength high power chemical lasers. Several of these

applications depend on higher mass flow efficiencies and
shorter wavelengths than the vibrational transition laser can

provide, however. Visible chemical lasers have been \

N considered as fusion drivers.21 Efficiencies greater than '
o ‘.
b 4
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l1kW/kg may be possible. CW visible chemical lasers with
outputs greater than 1 watt would provide an advance in highly
tunable laser radiation for use in laboratory experiments.z1
The many ro-vibrational transitions from excited electronic
states would provide excellent tunability and a chemical
pumping source may provide powers greater than those currently
available from cw dye lasers. Space based lasers are being
strongly considered for strategic defense agalnst nuclear
ballistic missile attack. There are several advantages of
visible chemical lasers for such an application. The higher
energy per quanta of electronic transitions would provide
higher mass efficiencies. 1In addition, shorter wavelength

radiation propogates with less divergence. Indeed, there 1is

great Interest Iin the development of a visible chemical laser.

B. Visible Chemical Lasers

To achieve lasing in the visible portion of the spectrun,
the higher energies of excited electronic states are required.
The advantages of a visible chemical laser are clear: high
energy storage (1 MJ/kg), high photon energy (1-6 eV)
and short wavelengths (200-1000 nm), wavelength tunability
from the many ro-vibrational states, lightweight deployment,

high gains, and low pump thresholds.

The requirements for the development of an electronic
transition chemical laser are rigorous. Of course, a highly

exothermic reaction is required to populate the excited .
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electronic state, Additionally, the radiative lifetimes of
the excited states, shapes and relative positions of the
exciteda ana ground potential energy curves, rates tor
vibrational-translational, vibrational-vibrational, and
rotational-translational energy redistribution within both
electronic states, quenching, deactivation and loss
mechanisms, and the relative pumping rates into the excited
states are all important parameters. In short, the complete
radiative and collisional dynamics of both electronlic states

must be favorable.

The general features of a visible chemical laser are
shown in figure 1, The excitation mechanism may consist of a
direct chemical reaction or transfer from a highly energetic
metastable specie. Regardless of the excltation mechanisn,
the energy will be distributed nonthermally within the excited
electronic state. For the most efficient laser operation, a
rapid thermalization process should pool the energy into the
lowest vibrational level, v°=0, To prevent bottlenecking, a
rapid removal from the lower laser level is required. 1loss
mechanisms such as electronic quenching and predissociation

will reduce the population Iinversion and system efficiency.

Recently, much research has been conducted to develop

- 7
electronic transition lasers, including work on 12,22 24
25-27 2 9- - *
Naz, 32' 8 L12,2 30 Br2,31 IF,32 33 Te,34 1 ,35 and
N036. Three Iimportant aspects of thils research are
2
3
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(1) optically-pumped laser demonstrations, (2) investigations

of potential excitation mechanisms, and (3) studies of the

radiative and collisional dynamics of potential lasing

species.,

CHEMICAL
EXCITAT.ON
OR

ENERGY TRANSFER Kp — EXCITED STATE'
FROM CHEMICALLY \ 1/“//,,.——"‘ EHCITED STATE
EXCITED SPECIES V2

Vel

Va0

LASING GROUND STATE"

Figure 1. General features of a visible chemical laser.

Optically-pumped laser demonstrations provide a test of

laser dynamics. Observations of pressure dependence, output

power as a function of time, and saturation and threshold
conditions provide a measure of collisional transfer rates
affecting the lasing process. Efficiencies and optlical gains
can be related to theoretical predictions. Estimates of
chemical pumping requirements can be established. Several
reviews of optically-pumped electronic transition lasers may

* 3. be found in the literature, 29730
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Chemical excitation of electronic transition laser
species may be accomplished by direct chemical reaction or
energy transfer from highly energetic metastable specles.
Exoergic reactions are likely to populate many electronic
states unless some selection rule forces the distribution to a
specific state. The total electronic spin quantum number {s
generally conserved in reactions involving low mass molecules.
Thus, selective chemical excitation of an upper laser level
may be achieved for molecules with a difference in total
electronic spin between the excited and ground electronic
states. Such an excited state would be metastable with
respect to the ground state, however. Since metastable states
are poor laser candidates, the metastable energy must be
transfered to a sultable lasing specie. The best example of
such a chemical transfer laser is the Chemical Oxygen-lodine
Laser (COIL) where the metastable 02(1&) produces excited
atomic iodine, I*. However, the COIL laser operates in the
infrared at 1.315 ym and does not classify as a visible

chemical laser.

Other metastables including NZ(A)’ NF(a) and NF(b) have

been 1dentif1ed.38 NO(A~X) and CO(a-X) lasers have been

38

proposed based on transfer from NZ(A). IF(B-X) and BiF(A-X)

lasers have been suggested using excited NF as the metastable

transfer partner.38
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| g A third important area of chemical laser research is the
search for good lasing species. The radiative and collisional
dynamics of the ground and excited electronic states are of

fundamental interest. Many energy transfer studies have been

39-47 48-53 54-56
2° Naz, Liz,

,61-64 OH,65 Ba0,66 IF,67-71 nd Br272-78.

conducted on molecules including I

57-58 59-60
’

S NO HF

2’

The search for a visible chemical laser remains an
elusive venture. Despite the extensive research to identify
| good laser candidates, no chemical laser operating at
wavelengths less than 1.3 um has been demonstrated. One
particular class of molecules that has a good potential for
such a demonstration is the diatomic halogen and interhalogen

molecules.

C. The Halogens and Interhalogens

Since the demonstration of an optically-pumped molecular
iodine electronic transitiom laser by Byer et 3122, the
halogen and interhalogen diatomic molecules have been studied

as potential visible chemical lasers. These studies include

spectroscopic and kinetic work via chemiluminescence,79-88

absorption specttoscopy,sg.102 laser induced

fluorescence,lo3 -124 optical pumping studieslzs-128 and laser

demonstrationszz-za’31‘33,129.

Tne two most studied transitions are the D“-A” and B-X

systems with emission in the ultraviolet and visible,

-
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respectively. Both systems are interesting as potential
chemical lasers. All the diatomic halogens and most of the
interhalogens have been shown to lase on the D“-A” tramsition

with electrical excitation.130-l33 Optically-pumped 12,22-24

31 32-33

Btz, and IF B-X lasers have been demonstrated.

The potential for a chemically pumped B-X transition
halogen or interhalogen laser is particularly good for several
reasons., First, there exist possible chemical pumping schemes

134

for the B-states of 12, Brz, ci, ,IF, BrF, and BrcCl,

2
Secondly, the equilibrium internuclear separation of the
excited B-state is much larger than that of the ground state.
This allows for the establishment of a population inversion
between the pumped electronically excited ro-vibrational
states and the relatively unpopulated, high-lying
ro-vibrational levels of the ground state. Thirdly, the
halogen and interhalogen B states have relatively long
radiative lifetimes (.2 - 80 yus) and low quenching rates
(10"14 - 10"'10 cc/molec-s),134 both of which are important to
maintain a large popoulation inversion, Finally, pulsed and

CW optically pumped (B-X) halogen and interhalogen (IZ,BrZ,IF)

lasers have been demonstrated.

For these reasons, the Alr Force Weapons Laboratory,
Kirtland AFB, New Mexico has a great deal of interest in the
halogen and interhalogen B-X transition chemical laser.

Recent experiments at AFWL have shown that IF holds particular
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promise as a visible chemical laser. Optically-pumped IF(B-X)
pulsed and CW lasers have been demonstrated and chemically

pumped laser demonstrations are being considered.

Bromine monochloride also appears to be a good candidate
for an electronic transition chemical laser.121 BrCl has an
advantage over the labile molecule IF, BrCl is stable and may
be stored in sealed containers whereas IF is thermodynamically
and kinetically instable and rapidly forms higher
fluorides (IFS)' Several hundered torr of BrCl(X) can easily

be produced but even a few torr of IF(X) i{s difficult to .

generate,

Basic kinetic studies remain to be accomplished for many
of the halogens and interhalogens including BrCl. Radiative

lifetimes are known, but quenching rates, V-T, V-V, and R-T ’

P
transfer rates, and the effects of predissociation are not
well established, especially on a detailed (v“,J”) basis. The
radiative lifetime of BrCl(B) is 40.2 Us.122 This lifetime is E
independent of vibrational level for v <7. At v’=6, J7=42, ;
the BrCl B state is greatly perturbed due to the intersystem ?
crossing of a repulsive state.122 The collisionless lifetimes ?
of these predissociated states are less tham 1 us for v’>6.122 i
The electronic quenching of the BrCl(B) thermalized .
distribution 1is slow, 3.9 x 10-13 cc/molec-s.121 A rapld s
quenching from high v” is observed and "as been attributed to :
vibrational ladder climbing to predissociated states.123 As
r'd
8 .
.
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part of this thesils, it will be shown that such an

[P W Sge a Y

interpretation {s not consistent with detailed balancing,

however. No state-selective lifetimes nor time-resolved

emission from individual, collisionally-populated vibrational

¥

states has been previously observed in BrCl. The only

spectrally-resolved LIF work on BrCl(B) has been accomplished

in a CW experiment under thermalized conditions.128 Many

important questions remain regarding energy transfer within
the B state of BrCl and must be resolved prior to evaluating

the potential of BrCl as a chemically pumped laser system.

D. The Study of Molecular Energy Transfer

Since the 19307s, the flield of chemical physics has been
particularly Interested ia the problem of inelastic energy
transfer among molecules in the gas phase.las-136 Many
studies, both theoretical and experimental, have been
conducted to better understand the important elementary

processes of energy transfer. Desplite the extensive effort,

many lmportant questions remain.

The mechanisms for psuedo-first-order gas phase reactions
have been studied by observing the pressure dependence of the
rates of reaction. The Stern-Volmer technique137 has been
used extensively. Often experimental {investigations measure
cross sections that are averaged over many parameters such as

collision energies and quantum states. Important features of

the collision process are obscured by such averages. For

- e
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ng example, logrithmic plots of V-T transfer rates versus
pressure over several orders of magnitude of pressure are
often inadequate to test even greatly different functional
forms that may be predicted for unimolecular reactions.138 In

addition, many-quanta systems in general do not decay as a

simple, single exponential and state~averaged lifetimes often

a_®_=_a

yleld 1ittle or ambiguous information about rates and

mechanisms.139

There has been much progress iu the theoretical

LIR LU

development of quantum resolved energy transfer
processes,136’139-152 but the corresponding experimental
determination of the state resolved cross sections, 0(q), are 1
lacking. The fairly recent advent of narrow-linewidth laser
sources has provided the potential for such experiments.
Important measurements of these cross sections and thelir
dependence on quantum state, reduced mass, polarizability, )

temperature, and energy spacing have been and are currently

being made. '

Detailed cross sections can lead to information such as
the determination of intermolecular potentials governing atom-
molecule and molecule-molecule collisions. Experimentally
determined dependencies on vibrational quantum number and
reduced mass of the collison palir are of fundamental and i
practical importance and can be compared to scaling theories J

U
such as the Landau-Teller153 and SSH theories.lSA

e

WA
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%ag Energy transfer studies have wide application including
the fields of atmospheric phenomena, laser physics, sound
absorption, and shock wave propogation. Especially {n the
field of laser physics, energy transfer studies and laser

development have grown hand-in-hand.

It is on this basis of practical and scientific need that

the following research effort was conducted.

E. Problem Statement

Steady-state (CW) and temporally-resolved (pulsed),
spectrally-resolved laser induced fluorescence techniques and
optically-pumped laser studies will be used to examine the
fundamental physical properties of bromine monochloride (BrCl)
and molecular bromine (Brz) that are relevant to chemical

laser development.

Energy transfer studies in the B3ﬂ(0+) state of BrCl will
be the primary focus of this thesis. Specifically, the
following energy transfer processes will be investigated:

(1) determination of radiative lifetimes for all the
stable vibrational states,

(2) measurement of electronic quenching rates of the
thermalized distribution for atomic and molecular buffer
gases,

(3) measurement of state-to-state vibrational transfer
rates,

(4) measurement of total rotational transfer rates,
rotational distributions, and the effects of V,R-T
processes,

11
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(5) determination of quenching mechanisms and
predissociative losses, and

(6) investigatation of other important energy transfer

processes.

Conclusions based on these observations will be made,
including:

(1) the suitability of BrCl(B) as the excited state for
an electronic transition chemical laser,

(2) the scaling of vibrational and rotational transfer
rates with quantum number and reduced mass,

(3) the mechanism for quenching and removal from BrCl(B),
and

(4) the applicability of known energy transfer models to
BrCl(B), where the vibrational energy spacing is nearly
kT.

Questions regarding the importance of spectral response in LIF

experiments and the synergy between steady-state and time- r

resolved experiments will be addressed.

An optically-pumped molecular bromine laser will be

et

demonstrated and used to:

(1) study the instabilities of Br.(B) due to self
quenching and natural predissocia%ion,

(2) obtain laser parameters such as gain and threshold,
(3) test known kinetic rates under lasing conditions, and
(4) compare lasing operation with other halogen and

interhalogen lasers.

This important bromine laser work will be presented in

appendix A,

12
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II. BACKGROUND THEORY

A, Spectroscopy

The halogen atoms have ground state electronic
configurations with outer shells szps, yielding 2P3/2 and
2P1/2 atomic states. Molecular orbitals for the diatomic
halogens may be established from linear combinations of the
atomic states. The lowest energy molecular orbital arises
from the configuration (og)Z(ﬂu)A(“g)é(ou)O’ abbreviated 2440,
This configuration provides the 12 g+ ground electronic state.
Excited electronic states are obtained from the promotion of

1,3

an electron to the unfilled ¢ u orbital. The Hu states

1,3

are obtained from the 2431 configuration and the Hg states

from the 2341 configuration,

A correlation diagram for these states with momentum
coupling of Hund”s case (a), A - £ coupling, and Hund’s
case {(c), J-J coupling, is given in figure 2. On the
left-hand side of the diagram, case (a) coupling is shown.
The right-hand side of the diagram provides case (c) coupling
and only the electronic angular momentum projected along the
internuclaer axis, &, i{s defined. States with the same
symmetry are correlated and shown by a solid line connecting
the two states, Typical interhalogen potential energy curves
for the electronic states given in the correlation diagram are

Lt shown in figure 3.
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Figure 2. Correlation diagram for the lowest electronic
states of the difiatomic halogen molecules.
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For the interhalogens, the assignment of X(ZP ) and

1/2
2 2
P3/2) is unique and known as C1( Pl/2) + Br( P3/2) for
134

v(?

BrCl. No inversion symmetry exists for the interhalogens
and the u,g labeling does not apply. Note that the B3H(0+)
.
state crosses a repulsive 3h(() ) state in the correlation

diagram,. In general, states of the same symmetry and total
angular momentum do not cross, but rather are greatly
perturbed near their intersection. As a result of this
perturbation the interhalogen B state correlates to two 2P3/2
separated atom states by way of a potential energy maximum.

At muderate vibrational levels, a molecule may predissociate
across the unstable maximum, and thus, the collisionless
lifetimes of the B state vibrational levels near the potential
maximum are shortened.

163 and is typical of the interhalogens.

This type of predissociation belongs

to Herzberg case I(c)

The spectroscopy of the BrCl B-X system has been studied

80,101,164

via chemiluminescence and absorption100

experiments.
00

?

The absorption spectra carefully recorded by JA Coxon1
provide the best reported spectroscoplic constants, RKR

potential energy curves and Franck-Condon factors.

+
The perturbation of the B3X state by the repulsive O
state I{s strong in BrCl and a typical least-square fit to a

Dunham expansion does not provide a satisfactory

100

representation of Coxon”s spectroscopic data. Coxon has

15
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Qﬁt shown that the shift {n vibratfonal energy (Av) due to the

perturbation is gliven by

2 2,1/2
p=(Wy e 1D~ 2 (1)

where
W. =matrix element representing the strength of the

be interaction

8 v=separation between unperturbed levels

+
For the interaction 3H and 0 states to be equally
displaced from the interaction energy, the separation of the

unperturbed vibrational states must be

6= T, - T°(v”) (2)

where

Tp=the crossing point energy

(o]

0 -y o - N o - 2
T (v )-Te +ue (v +1/2)+uexe (vo+1/2)"+...

These states, their interactions, and energles are depicted in

figure 4.
By fitting the data to
T(v7)=T(v")-t . (3)

with parameters W

b and T , in addition to the normal
c %

vibrational Dunham expansion coefficients for the unperturbed

state, the constants of table 1 were derived.100

s
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Figure 4. Perturbed BrCl(B) state and interaction energies,
from reference 188.

Table I.
Spectroscopic Constants for BrCl X and B states
79Br35Cl BIBrBSCl
X-state B-state X-state B-state
Yo 444,28 222.68 442,59 221.87
LeX @ 1.843 2.884 1.829 2.848
weY o 0.0040 -0.0673 0.0039 -0.0653
wbo ------ 359.7 eee--- 367.1
T 0 16879.91 0 16881.19
Tg 0 18936.36 0 18945,20

No completely adequate fit for rotational constants of
the BrCl B state was found by Coxon. Experimental values for
the rotational constants Bv’ were reported100 and are listed
along with the ground state rotational constants in

appendix B.
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63) While the spectroscopic description of the BrCl X and B
states by Coxon 1Is the best found in the literature, it 1is
insufficlent for the energy transfer studies of this thesis.
The study was done in absorption and therefore was limited to
v"<8. Many of the strongest B-X emission transitionmns
terminate at 7§v"15. To extend Coxon”s work to higher v",
transition wavelengths and Franck-Condon factors were
calculated from an RKR program using Coxon”s X-state constants
and B state classical turning points for 0§v"¢30 and 0Kv~°(8,

see appendix B. This method provided agreement with Coxon”s

Franck-Condon factors to within 10%Z. The derived potential
energy curves are shown in figure 5 and the resulting
transition wavelengths and Franck-Condon factors are listed in

appendix B.

The nature of predissociation in BrCl(B) can be further

studied by state selective collisionless lifetime measurements

as has been done by M. A, Clyne and coworkers.166 All the

respect to predissociation and have radiative lifetimes of

122 .

;

) BrCl(B) energy levels below v =6, J =42 are stable with

\

' about 40 us. At v’=6, J"=42 the collislionless lifetime

drops immediately to 8.8 us and continues to fall

‘ monotonically to 4.3 us for J’=50.122 All the rotational

. levels of v“=7 and 8 have lifetimes less than 1 us.122 Since
predissociation Is a nonradiative depletion process,

} fluorescence intensity from predissociated states i{s reduced.

18
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635 The interaction of the repulsive 0+ state with the B3H
J'

state in BrCl has important implications for the excited state
spectroscopy. Even more interesting are the effects of this
predissociation on the kinetics and energy transfer within
BrCl(B). The methods of laser induced fluorescence and the
kinetic background required to study these processes will be

described in the following two sections.

B. Laser Induced Fluorescence Techniques

Laser induced fluorescence (LIF) is an experimental
technique based on the population of a specific quantum state,
or set of states, by a narrow linewidth laser source and the

detection of the subsequent emission from that state or

kinetically related states. The range of application for LIF
techniques vary from the assignment of molecular spectra to

the determination of internal state population distributions

of chemical reaction products.165 The method was first used

53,173

by Zare et al. Since then, LIF has been used by many

groups to study energy transfer In such molecules as Na 48-53

2)
2,54_56 N059-60, and 5257-58. MAA Clyne and coworkers have

used the methods extensively to study the halogens and the
166

Li

interhalogens.

The basic method is 1llustrated in figure 6. A laser f{is
used to populate the quantum state N. Collisional energy

transfer can then redistribute the population among other

'.
L4
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states such as N-1 and N+1. The spectrally-resolved

/
«

&

fluorescence intensity from these states yield parent
transitions that originate from the initally populated state
and satellite transitions that originate from collisionally
populated states. The fluorescence intensity of a given
transition is proportional to the number density of the

excited state (Nv)163:

I %" (64.2/3)cv. g

IR
vw vw VW e

where

emm
I

- =emission intensity from state v to state w

\%w=transition frequency from state v to state w

q. =<v/w>=Franck-Condon factor overlap for states v,w

vw

‘Re|= electric dipole moment

SJ=rotationa1 linestrength factor.

TRANSFER

En 11 re—— PARENT LINE
En-t
ﬂSA‘ELL”E LINES
‘/

ENH
coL LISIUNAL/

FLUORESCENCE INTENSITY

Aied AN Ak-1
WAVELENGTH

NN Figure 6. Basic laser induced fluorescence technique.
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23, The portion of the emission intensity actually observed
will depend on the experimental detection system. If the
detectivity as a function of frequency, D(v), is included, the

observed emission intensity {is

obs_ emm
va _va D(va) (5)

Thus by measuring the relative steady-state intensity of
various spectral features the relative steady-state number

density of these states can be obtained:

NV/NU=(Iv°bS/Iu°bS)(v /v )4

uw vw (q

suea, ) (D, D)) (6)

The relative CW number densities can in turn be related to

rate constants as will be shown in section IIC.

Total fluorescence intensity is also proportional to the

total excited state density:
_ obs _ 4 4 2
If_v):wxw -Vzw(stm [3)ev, o R TDCv, N (7)

If the spectral response of the detection system is relatively
"flat” so that D(vvw) 1s roughly independant of vV for the

region of significant emission, then

I.= C N (8)

C = a proportionality constant
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Often, experimental detection systems are not spectrally
flat and the total fluorescence intensity depends on the
distribution of population among vibrational levels and the
relative detection efficiency for each level. However, {f a
thermalized distribution Nv exists, the fluorescence intensity
will be directly proportional to the total excited state
density regardless of detection efficiencies. The problem of
detection efficiency is addressed in further detail in section

IV and appendix C.

Laser induced fluorescence techniques can be enhanced by
adding temporal resolution to the experiment. The general
approach 1Is shown in figure 7. A pulsed laser is used to
initially populate the excited quantum state. The
fluorescence from that state or related states Is then
monitored as a function of time. By applying an essentially
delta-function excitation pulse, the time evolution of a set
of coupled quantum states can be observed under various
initial conditions. The equations to be derived in
section IIC can then be used to extract rate constants for the

radiative and collisional processes affecting the excited

states,.

The pulsed and CW LIF experimental techniques provide
similar information about the kinetic processes within the

excited electronic state, but are complimentary in nature.
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! Figure 7. Time-resolved laser induced fluorescence technique.

The steady state experiments are important for measuring

relative number densities directly. The CW studies generally

have larger average signals and therefore allow for greater
spectral resolution and the study of rotational processes.,
| Finally, the CW experiments provide data that is usually

easier to interpret than data from pulsed experiments.

The pulsed experiments measure lifetimes directly and
provide the only information on the basic time scales for the
energy transfer events, The addition of spectral and temporal

resolution provides a great deal of information detailing the

full time evolution of given quantum states with specific

{nitial conditions.

)
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C. Kinetic Analysis

1., Introduction

The kinetic analysis used to interpret the results of
laser induced fluorescence experiments and to determine the
mechanisms and rate counstants for collision induced energy
transfer within the B3ﬂ0+ state of BrCl are presented in this
sectlon. The master rate equation for all the radiative and
kinetic processes affecting BrCl(B) will be developed.
Solutions to this equation under steady state and time
dependent conditions will be examined. The particular problen
of extracting state-to-state vibrational transfer rates from
pulsed LIF experiments for strongly coupled vibrational states
will be discussed. Theories describing the scaling of
vibrational transfer cross sections with vibrational quantum
number and reduced mass of the collision partner are described

in appendix D.
2., Master Rate Equation

Consider a dilute system of non-interacting molecules
with many accessible quantum states, BrCl(B;v~,J”), that may
interact with a chemically-inert heat bath, Y, consisting of
one or more atomic or molecular species. The BrCl(B)
concentration must be dilute in the bath gas to insure the
kinetic processes are first order with respect to BrCl(B) and

to maintain the heat bath at the initial equilibrium

25
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temperature (300 K). Both radiative

&

transitions are to be considered. A
symbols used in this analysis may be

and notation table on page xiv.

The fundamental energy transfer

Optical Excitation:

k

T UV OOV RTINS  TOIMOE OV OT

and collision induced
summary of the terms and

found in the terminology

processes are:

" " D ”»~ ”~
131'01(x;v0 I, ) + hv——.BrCl(B;vo I ) (9)

Spontaneous Emission:

A

BrCl(B;v”,J” )—=BrCl(X;v",J") + hy (10)

Stimulated Emission:
Bio

BrCl(B;v-,J”) + hy——-BrCl(X;v",J") + 2hv (11)
Predissociation:

BrCl(B;v~ J')—rPi—Br(zp ) + c1(%p,,.) (12)

’ ’ 3/2 3/2

Electronic Quenching:

K
BrCl(B;v-,J”) + Yy—=4oprc1*

+ Y (13)
Resonant Electronic Exchange:
k e %
BrCl(B;v~-,J") + Y—e—>BrCI(X;vo"JO") + Y (14)
Ro-vibrational Transfer (V,R-T):
L ) VT -~
S BrCl(B;v",J") + Y —=BrCl(B;v +av”™,J+2J7) + Y (15)
et
26

A.AJ

A A S R A I R SO LG ¢

A A S

« . ..

5\11"- . e



gg& Vibrational-Vibrational Transfer (V-V):
kVV
BrCl(B;v',J')+Y2(w)——’BrC1(B;v’+Av',J’+AJ’)+Y2(w+Aw) (16)
The specie "Y" is used in equations (13-16) as an arbitrary

collision partner,

Process (9), optical excitation, is the means by which
the system is perturbed from its equilibrium. Energy 1is
selectively applied to the system via absorptlion of
monochromatic laser radiation. The specific quantum state

rd

(vo ,Jo’) excited is the initially populated state, or parent

state. The pumping rate is proportional to the ground state

BrCl number density and the pump rate constant

kp= (BOIIo/c)[a(v) gp(v) dv (17)

where

BOI= Einstein coefficient for stimulated emission

—
]

incident pump laser intemnsity

0
[

speed of light
gp( v)= pump laser linewidth function

a(v)= absorption transition linewidth function

To insure selective pumping of a single quantum state,
the pump laser linewidth,Avp, given by gp(v) must be smaller
than the the absorption transiton 11new1dth,&va, given by

a(v). Under these conditions the convolution integral in
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equation (17) insures kp will be non-zero for only one

absorption transition.

The process of stimulated emission (11) is the inverse of

process (9). The two rates may be combined into a single

term:
Sév’vo 53,J = (BOIIO/C)[N(X;Vo ,Jo )=
(g,/8 IN(B;v =, J )]csv’vo ch,Jo (18)
where
81185 = the degeneracies of the excited and ground states
N(X;v ",J ") = concentration of BrCl ground electronic
° ° state, vibrational level vo“, rotational
state Jo"

N(B;vo',Jo’) concentration of BrCl excited electronic

P d

state, vibrational 1level Vo s rotational
state Jo"

éij = Kronecker delta function

These rates are labeled S, since they are the net pumping
rate or source term, Because the BrCl B-X transition moment
1s so small, very little population is removed from BrCl(X) to
BrCl(B) and N(X;vo",Jo") > N(B;vo’,Jo’). The source term {is
then proportional to the total BrCl concentration. Note that
the net pump rate would be zero for a saturated transition,.

If the transition remains saturated (CW condition), the
pumping process will dominate all kinetic processes. Any
collisional removal from BrCl(B;vo’,Jo') would immedi{ately be

offset by an enhanced pumping rate. Thus the BrCl(B;vo’,Jo’)

28
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population would be held artificlially high. Clearly,

saturation must be avoided in a CW LIF experiment.

Spontaneous emission, process (10), is simply the
radiative decay from the excited state. The rate is
proportional to the number in the excited state and the

Einstien A coefficient

A(ve, 37 >y, J")= (647°/3nc>) IReI 2qv,

v SJ/(2J+1)

The radiative lifetime, T from state v~ 1is
llTr(v')= A(v7)= Z;é v ,J7> v",J")
v
The final collisionless transfer process 1s the
nonradiative loss via predissociation. As was described in
section IIA, BrCl(B;v”">6) may dissocliate to two ground state
atoms by way of a potential energy maximum. There is no
shortening of the radiative lifetime due to predissociation
for states below v =6, J“=42 in BrCl(B). Above this level the
lifetime 1Is drastically shortened by rapid predissociation.

The collisionless lifetime, ro, for such states 1is given by

= l/Tr + Ibd (20)

These collisionless lifetimes have been measured for various

v°,]” states by MA Clyne and co-workers. 20 123

The first collisional processes to be considered are

those of electronic quenching (13) and resonant electronic
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exchange (14). Electronic quenching refers to the removal of
thermalized BrCl(B) to any lower electronic state, BrCl+

Such rates are generally slow and nearly independent of v’ for
the 1nterhalogens.67-69’l64 Resonant electronic exchange
refers to the direct exchange of the BrCl(B) energy to a
nearly resonant excited electronic state of the collision
partner, Y*. Rates for resonant transfer can be nearly gas
kinetic and depend strongly on vibrational state. With
respect to the rate equation these processes are
indistinguishable. Both processes must be considered when

interpreting measured rates, however. The total electronic

quenching rate is defined as
k =k + k (21)

A third mechanism is avalilable for the quenching of
BrCl(B;v”). Vibrational transfer to predissociated states
followed by a rapid dissociation to ground state atoms may be
an important process. Such a mechanism would have a unique
pressure dependence since {t would depend on the full ro-
vibrational distribution within the B state. The rate
constant kQ will be defined as the sum of rates due to

electronic quenching, resonant electronic exchange, and

vibrational ladder climbing to predissociated states.

The thermalization of the B state is controlled by the
vibrational and rotational transfer processes of equations

(15) and (16). Pure V-T transfer i{s obtained from

30
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equation (15) when AJ=0, and pure rotational transfer is .
Y )

obtained when Av=0. The rates will depend on the population
distribution among the full set of ro-vibrational states. The
rate constant will depend on the collision partner, quantum
state, and size of the quantum jump. Vibrationmal-vibrational
(V-V) transfer is possible with diatomic buffer gases. The
rates for V-T and V-V transfer have the same form and may be

combined so that
k., = k.. + k (22) ;

The total vibrational transfer out of a specific
vibrational state, v, includes the transfer to all other
vibrational states (all Av). The rate constant for total
vibrational removal from state v, KVY(V), is defined by
equation (23). The total rotational transfer out of the
parent rotational state, J, includes the transfer to all
satellite rotational states (all 2£J) within the parent
vibrational band. The rate constant for total rotational

removal from state J, KJY(J), is defined by equation (24). 3

~
—
<
~
[}

YT ok (wverv, JoJ+ ) (23)

vy, 2]

)3 kVY(J»J-r[J) (24)

s s

=
—~
(59
~
'}

The total removal from a given vibrational state v, or from a
given rotational state (v,J) includes quenching losses as well

as the removal as defined in equations (23-24). The rate

31
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o, constants for these total removal rates are defined in

equations (25-26).

KRY(V) - KVY(V) + qu(v) (25)

Ko (v, 3) = K T(v) + & T (26)

J

Using these fundamental transfer processes, rates, and

definitions, the master rate equation is

dN(B;v,J)/dt = S ‘vao 5”0

- z:qu(v,J) Y N(B;v,J)

Y
-ZZZ ka(w v+rv,J+J+ AT) Y N(B;v,J)

Y Av AJ

4222:2;ka(v+Av+v,J+AJ*J) Y N(B;v+av,J+2J)
v

The summation over Y indicates the 1inclusion of all buffer

- ro(v,J) N(B;v,J) (27)

species Y. This master rate equation can be rewritten in a

more conclise form by making the following definitions:

p = (v°,J7), label for the observed quantum state (28)
P,= (vo',Jo’), label for the parent quantum state
q = (v7+rv7,J7+4J7), label for the indexed quantum state
==§:k Y(q--»p) Y, the vibrational transition rate
Pa Y v constant from state q to state p
®pa T ¥pq T Spq (Z/--”p *orte) +;qu(p) o

the energy transfer rate matrix connecting state
q to state p.

5 = Kronecker delta function

* EZ""'I!f’A""
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;GB Applying the definitions of equation (28) to the terms of the
.&4
master rate equation (27) provides the relationships of
equations (29). Note that the right hand side of these
equations are Iin tensor notation and repeated subscripts imply
a summation over all values of that subscript.
S & =S54 (29)
ViV, PP,
Y
ZZZRV (v w+pv,J>J+pJ) Y N(B;v,J) = ZHI 6Pq N
Y Av A T 1P q
] . =
r (v,J) N(B;v,J) = T (p)s N
; o' ? ' o Pq q
b
Z k Y(v,J) Y N(B;v,J) = k Y(p) Y § N
Y q q P9 q
Y ka(v+Av—>v,J+AJ->J) Y N(Bjvtov,J+8J) = w__ N
Y Av A3 P 1
The resulting master rate equation in tensor notation {is
4
d
dN /dt = S + R N 30
P/ GPP P9 9 (30)
. (o}
I In order to present the elements of the R rate matrix
: independent of pressure, the following definition is provided:
E "
R =R"__ Y+ (T +k_ Y +K 6 30
Pq Pq (To * keq v (P)° o4 (302)
3. Steady-State Solutions
For a CW laser pump source the BrCl system reaches a
steady-state condition. The population of any excited state
o
33
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is independent of time and

dN(B;v,J)/dt = 0 (31)

This condition will now be applied to the master rate

equation with various additional assumptions.

a. Electronic Quenching

The simplest CW experiment is that of measuring total
fluorecence at various buffer pressures in order to obtain
quenching rates. Fluorescence Intensity is proportional to
excited state densities as was described in section IIB.
Thus, by deriving equations relating relative number density
to buffer pressure, a method of experimentally determining

kinetic rates will be established.

Summing the master rate equation over all states and

applying the steady state condition equation (31) yields

0=S-Zfo(p)N -ZZRY(p)YN (32)
5 P 4G5 4 P

-}:Z(Zka(p+q) Y N - Zka(q ») Y Nq)
Yp ¢ P q

The thermalization processes do not remove any BrCl molecules

from the B state because, for any bath specie Y,

Y Y
};'%"kv (p»a) Y N “;%“v (a-p) ¥ N (33)
Thus the fourth term in equation (32) is zero. If it is

assumed that Fo and qu are state independent, then

%
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4%} equation (32) can be solved for the total steady-state excited

-y
state density,
_ _ Y
N —ZNP = S/(ry 4 k) (34)
P Y
If To and qu are not state independent, equation (32) does
not reduce to a simple result and quenching may exhibit unique
pressure effects, This issue will be addressed again 1in
section IV,

Two cases of bath gas composition may be consldered.
First, the BrCl is produced in a C12:BtC1:Br2 mixture., The
concentration ratios are fixed and this condition may be
considered the "self-transfer” case. An overall self-
quenching rate for the mix 1Is defined as

M Cl BrCl Br
k M =k 2{cC1 + k BrCl] + k 2[{Br 35
o M=k Cl20c1, ]+ k PTENBro1) + k PT2(Br,] (35)
where

[X] = concentration of specie X

M = total mix concentration
Vibrational and rotational rates for the mix are defined 1in
the same manner. Equation (34) can be rewritten for the self
transfer case as,

M
1/N, (r,/8)(1 + kq M/T ) (36)
35
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The second bath gas composition is for a fixed BrCl mix
pressure and varying pressure of a second buffer specie, Y.

This will be termed the buffer transfer case, and

M Y
NT=-S/(1"O+1<qM+kq Y) (37)

Ratiolng to the zero buffer pressure condition ylelds,

Y M

NT(Y=O)/NT(Y) =1 + kq Y/(ro + kq M) (38)

The assumption that IB 1s state independent requires
limiting the state sum to stable v (v°<7) and requiring the
radiative lifetime for these state to be independent of
vibrational state. This assumption is often required to make
the energy transfer equations tractable (see section IIC4e for
more details). If there are no resonant electronic exchange
reactions, one would also expect kq to depend only slowly on
(v°,J°) quantum state. Any measured quenching rate will be
the vibrational state average of such rates. These
assumptions have been applied successfully in the case of
Il“(B).67-‘69 In the case of BrCl(B), the assumptions must be

verified by the experimental results.

A second caveat must be made to this analysis. The total
fluorescence will be directly proportional to total B state
concentration only if all vibrational states are detected with
equal efficiency or a thermal vibrational distribution exists
(see section IIB). This issue is addressed for the BrCl(B)

experiments in chapter III and appendix C.
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b. Vibrational Transfer .

Spectrally-resolved steady~-state LIF data provide
information on state~to-state vibrational transfer rates.
Again, a relationship betwen the steady-state number densities

and total pressure is needed to reduce the data.

The master rate equation, equation (27), under the

steady-state conditon, equation (31), can be averaged

rotationally by summing over all rotational states. Assuming

Ty and qu are independent of rotational state and defining

the total population coancentration of vibrational state v,

N(v), as the sum of the population in all rotational states J,

N(v) =) N(v,J) =3 N(v,J+5J) (39)

J aJ

provides

0 =56, =T _(v) N(¥) -}; qu(v) Y N(v) (40)

pRRN}

Y Aavad J

+L12Y

Y AvAT J

ka(v+v+Av,J+J+AJ) Y N(v,J)
Y(v+av+v,J+1U*J) Y N(v+ov,J+4T) .

If it is assumed that the rate for V,R-T transfer {s

independent of intial rotational state, then

0 =S § - T (v) N(v) (v) Y N(v) (41)

Y
vvo ) -qu
Y
'ZYKVY(V) Y N(v)

+ZZK$

Y Av

(v+#av) Y N(v+av)

37

SO, 2 ARG S AR N AR NI N 00 MR ARV N NN R N S IR NN NN NSV I N MO0 q._-.'(q.'ﬁu.



r-u‘ I ke A it A 2O A Ak D Sl R Sl SANL A At aale Al alallef i of B LB 4 8¢ B afd ath atd s 8. fs' 1, 8 |t
d TWAFRTUY N " AT

1% "%

equation (41) for the number density in a satellite band, v
(with vivo), compared to the number density in the parent

band, vo, provides

N(O/NCv) = J Tk (vhawev) ¥ [NGv ) /N(v,) (42)

r,(v) + :i(kqi(v) + Ky (v)) Y

Loy
wix where KVY(V) is defined by equation (23). Solving i

Equation (42) provides the basis for extracting state-to-state
vibrational transfer rate constants, ka(v+v+Av) from data of
relative populations, N(v)/N(vo), as a function of the buffer

concentration, Y.

If the buffer pressure is sufficiently low, the sum in
the numerator may be limited to v+Av =v,- This 1s true for
single collision conditions because the ratio N(v+ &)/N(v) is
significant only for v+Av=vo. To insure single collision
conditions, the collisional frequency, W must be less than

the collision free decay rate, I 0" For this case,

N(v)/N(v_) = _Z“VY("J v) ¥ (43)

: Y Y
L(v) + Zykq (v) Y + ;Kv (v) Y

It should be noted that the denominator is the reciprocal of

the lifetime of the vibrational state v,

/r, = T (v) + gqu(v) Y o+ ZYKVY(v) Y (44)

38

et R AN L, PN G SR SR S
> :: .’_\ A:' :5 J>‘..‘-lsA)“F‘s.é‘%“‘-‘"_l"“)‘



oA
‘% so that
Y -
= 4
N(v)/N(v ) TszkV (vrv) ¥ (45)
For the self-transfer single collision condition,
equation (45) reduces to
_ M
[N(v)/N(vo)]Y=0 =T, kv (vo*v) M (46)
The buffer transfer case Is simplest when the vibrational
transfer due to the base mix pressure iIs neglected. In this
case equation (45) becomes
N(v)/N(v ) = T_ ky'(v>v) Y (47)
o v 'V o
Due to low signal intensities, this condition cannot
always be achieved experimentaly. The general case is more
difficult since the population in satellite bands that was
transferred by self collisions can be reduced by vibrational
removal due to the buffer gas.
The general buffer transfer case for a single buffer gas
|
1 under single collision conditions is best handled by
subtracting the relative number N(v)/N(vo) at zero buffer
| pressure, equation (46) from equation (45),
|
‘ ) ) ) y X
N(v)/NCy =[N /NCy D]y o = [0 (Y)= 1 (¥=0) ]k, (v > V)N
Y -
Tv(Y) kv (vo v) Y (48)
The lifetime of state v at a given buffer pressure is given by
o
N
39
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“ ejuation (44) and therefore the lifetiame differeace is
G
' 1‘:4'
Y
TV(Y) -1 v(Y=0) = - TV(Y) tv(Y=0) KR (v) Y (49)

The definition of equation (25) has been used for KRY(V).

Substituting this into equation (48) yields
Y M
N(V)/N(VO)‘[N(V)/N(VO)]Y=0 = 'TV(Y)TV(Y=O)KR (v)YkV (v&’v)M

Y
+Tv(Y)kV (vo+v) Y (50)
Using equation (46) provides the final result,

N(v)/N(vo)-[N(v)/N(vo)]Y=0 =

v (DKW > VY- [N /NG )y TR T 7k V(v s v) 1} (51)

The application of this equation to spectrally-resolved
LIF data is not simple. 1In addition, the assumptions needed
for its derivation and application may not be easily

fulfilled. Further discussion of these results will be

presented in section IV,
¢c. Rotational Transfer

Rotational transfer within the parent vibrational band
will now be considered. The master equation (27) in steady-

state, equation (31), for the initially populated state is

Y
0 =5 -T(v ,J) - Zqu (v ,3.) Y N(v_,J) (52)

Y Y .
- ;KV (v,) Y N(v_,J) —YX K3 (3) ¥ N(v_,J)

o)

Y T,
+§§ ZAJKV (V°+Av-*vo,J°+AJ +Jo) Y N(vo+Av’Jo+A‘J) ;
v

s
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The last term of equation (52) represents mutliple
collisions that return population to the parent state. Due to
the many accessible rotational states, this process is
unlikely and may be neglected. This is particularly true when
vibrational transfer strongly competes with rotational
processes. Neglecting the last term of equation (52), the

steady state number density {s,
N(v_,J )=S/[T (v ,3 )+ k Y(v ,3 )1+ &_Y(v )y+ .V(J )] (53)
o’ o o' 0’ o q o’ o v 0 J 0

Identifying the denominator as the reciprocal collisional

lifetime of state (vo,Jo) provides,
N(vo,Jo) = § T(VO,JO) (54)

The total number density of the population in vo’ is obtained
from equation (41)

N(vo) = rv(vo)[SZXQZKvY(v+Av*V) Y N(v+av)] (55)
\'4

The population ratio is then given by

[N(VO,JO)/N(VO)][T(vo)/T(Vo,Jo)] =1 - (56)
r(voﬁzz:ka(V+cw+V) Y [N(v+av)/N(v )]
Y Av

Defining the quantity £ as

e =t(v Y kg (vHivrv) Y [N(v+Av) /N(v )] (57)

Y Av ©

provides

[N(vo)/N(vo,Jo)](l-g) = r(vo)/T(vo,Jo) (58)
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Gﬁ; The lifetime of (vo,J ) is
. (o]
(v ,J.) = 1/ (v ) +§ KRY(JO) Y (59)
And finally,
[N(v )/N(v_,3 )](1-€) = 1 = t(v )gjx Y1) v (60)
o o’ o o J o

Applying equation (60) to the self transfer case,
_ M
[N(v ) /N(v 3 D1(1=) =1 = w(v ) kM3 ) (61)

The buffer transfer case is again handled by subtracting
from equation (61), the same equation evaluated at no buffer

pressure:

N(v ) /NQv L3 ) = [NGv )/NGv 3 )1y = (62)

{5N(vo)/N(v°,Jo) - &(Y=0)[N(vo)/N(vo,Jo)]Y=0}
+ K M(J Y M (t. - 1. (Y=0)) + K Y(J ) YT
J 0 v v J o v

If the effects of back vibrational transfer are neglected

(£=0) and the definition of equation (63)
- M _ -
Ly = Ky (Jo) M (Tv TV(Y 0)) (63)

is applied to the buffer rotational transfer equation (62),

the result of equation (64) is obtained.

N(v ) /NGy _,3) = [N(v )/NCGv 3 )]y o = 8, = (64)

Y
KJ (Jo) Y T,
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Gﬁt Equations (36), (38), (46), (51), (61), and (64) are the
RS
basis for the reduction of CW LIF energy transfer data. Once
the rate constants have been established, the matrix qu can

be formed and the master rate equation (30) can be solved with
the CW conditfon (31) for the population distributions Np.
This can be accomplished without approximation and the results
compared to the experimental data. Such a consistency check
is an important test of the assumptions described in this

section.
4. Time-Resolved Solutions

For a pulsed laser exclitation source with a duration very
short compared to the shortest excited state lifetime, the
source term in the master equation may be approximated by a
delta function with amplitude S, centered at time t=0. An
equivalent statement Is to let the source term go to zero and

apply the initial condition

N(v™,37) t=0 ~ Svv, %37, N(vo o ) t=0 (65)
By normalizing the number densities to the number
fnitially pumped up to vo’,Jo’ the master rate equation in
tensor notation, equation (30), becomes
dx /dt = R X x (0) = §& 66
p PG g P PP, (66)
where
PN x = N /N (t=0) (67)
N R
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I The well known Stern-Volmer plot is based on
equation (71). By observing the characteristic decay of the

fluoresecnce intensity, I the lifetime is obtained from

f’

T = =5t/ Aln(If) (72)

By plotting 1/ 1 versus concentration Y, a linear plot with
intercept Fo and slope qu is obtalned. This method 1is a well
established technique that has been applied successfully to

many energy transfer problems.

Often the requirement of a state independent TO and k
is not fullfilled. The Stern-Volmer analysis may still be
applied 1f single collision conditions prevalil. In this case

the master equation for state p becomes

Y Y
= -[T
dx /dt = =[T (p) + ] k "(p) Y +7 K, (p) ¥ 1 x| (73)
Y Y
which again has the solution (71) with lifetime

1/+<(p)

To(e) + T [k (p) + &, T(p)] Y (74)

ro(p) +§ KRY(p) Y

Equation (74) may apply to p=(v,J), a specific
ro-vibratlonal state or to p=(v), a rotationally-averaged
state, Thus, by observing spectrally~resolved emission from
parent state under single collision conditions, the collisionr

free lifetime and total removal rate from that state can be

obtained.
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In order to obtain state-to-state vibrational transfer
rates, more sophisticated techniques are required. These
methods will be presented in section IIc4e-g. First, some
general remarks regarding the vibrational transfer problem

will be considered.

b, Radioactive Decay Analogy

The problem of radioactive series decay167 is similar to

that of vibrational energy transfer. Consider the decay
series

d1 d2 d5

Y —=Yo—>Y3 ceceer YoV (75)

The system of equations governing such a decay is

dyildt = Dij Y5 yi(O) = 8, yl(O) (76)
where
-di i1=j
D, = di i=3-1 (77)
J 0 elsewhere

This reaction mechanism and rate equation is very similar to

that of the vibrational transfer problem, equation (66).

The form of the transfer matrices Dij an qu

different, however. The radioactive series decay matrix, D

may be quite

ij°
is bi-diagonal and has no nonzero elements omn its upper

triangle. This is an artifact of the decay being essentially

irreversible. As a result, the eigenvalues for the
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systen, 21’ are identically equal to the decay rates, d The

10
vibrational transfer matrix, qu, may have many more nonzero
elements. The reverse reactions, or transfer up the

vibrational manifold, can be quite probable and will obey

detailed balance,

R = R - k_ T 78
- 4P exp( Aeqp/ B ) (78)

where
At = ¢ ~ ¢ 1s the energy difference between states
qp q p and q
kB is the Boltzmann coanstant
T is the bath gas temperature (300 K)

The matrix qu i1s at least tri-diagonal and the
eigenvalues are no longer equal to the individual removal
rates. That 1s, the system of differential equations may be
strongly coupled. Only {if Aeqp/kT >> 1 will the system be
decoupled. In the limit AEqp/kT + o, the radioactive series

decay analogy 1s exact.

The solution to such a decoupled set of equations 1s

simple. For the case of a two step radioactive decay, the

solution {is
y,(t) = y (0) [d;/(d,=d;)]lexp(-d t) -exp(~d,t)] (79)

This solution provides the general features of spectrally-

resolved, temporally resolved LIF spectra. For a satellite
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band, the spectra will exhibit an initial exponential rise
followed by an exponential decay. The rise i{s due to the
faster kinetic process, usually the rate of transfer into the
observed state. The subsequent decay is characteristic of the
slower kinetic process, usually the removal from the observed

state.

The radioactive series decay analogy has been used to
study energy transfer in HF, where the vibrational spacing
is Agpq/kT = 20.168 For V-T transfer in IF(B) where &cqp/kT=2

the analogy was found to be inadequate.69

For strongly coupled vibrationmal manifolds, Aeqp/kT(l,
the problem of extracting rate constants for state-to-state
vibrational transfer from spectrally-resolved, temporally-
resolved data becomes quite difficult., This general problem
will be discussed shortly. First some basic properties of the

master equation will be presented.
¢c. The Eigenvalue Problem

The master equation is a coupled set of first order,
linear differential equations with constant coefficients.
Such a system can be transformed to a system of Volterra

169

Integral Equations of the Second Kind. The solutions are

thus unique and depend continuously upon the data. The

density distribution xp(t) may be written as an expansion in
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the complete set of orthonormal eigeuvectors170:
i
Yy =
x, (e Z‘C‘ V,o explrt) (80)
where
i

Vp is the p-th element of the i-th eigenvector
21 is the eigenvalue associated with eigenvector Vi

Ci are the initial condition constants

A complete description of the eigenvalue problem may be found

in appendix E.

The matrix qu is real but not symmetric, due to the
detalled balance property. Since the matrix is non-Hermitian,
complex eignvalues might be expected., But the population
densities do not oscillate in time. The matrix qu does
indeed have real, nonpositive eigenvalues as shown in
appendix E., It is the detailed balance property that assures

exponential decay.

Since the qu matrix is at least tri-diagonal, the
eligenvalues of the system will be a convolution of kinetic
rates and no eligenvalue will be equal to the total removal
from any state. For a strongly coupled vibrational manifold
the convolution will be severe. Equation (74) has already
demonstrated that a population in a parent band will decay
exponentially with a lifetime given by the total removal rate.

This result was derived for single collision conditions.
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TS Under these conditions, the eigenvalues combine in such a way

that the decay from the parent band 1s exactly the rate for
total removal. A proof of this statement 1s given in

appendix E,.

Due to the strong convolution of kinetic rates to produce
elgenvalues for a manifold with Aeqp /kT < 1, the scaling of
elgenvalues with vibrational state can be quite different from
the scaling of vibrational transfer rates or total removal
rates. In fact, the eigenvalues can scale strongly with
vibrational state even for the case of no vibrational rate :
scaling. This occurs when the quenching from one state is
much greater than all other states. An example illustrating

this point may be found in appendix E.

To summarize; under single collision conditions, the
population of a parent band will decay with a lifetime
characteristic of the total removal rate from that state.
Under multiple collision conditions the decay from a given
state reflects the elgenvalue of that state. Such eigenvalues
can be a strong convolution of kinetic processes and be
completely unrepresentative of the total removal rate from
that state. This effect i{s accentuated for strongly coupled

vibrational manifolds.
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@? d. Pressure Scaling

Since the master equation (66) is first order, a simple
pressure scaling for distribution xp might be expected. This
is true for the case when the collisionless lifetime, Tor is
indepedent of quantum state, p. If the following change of

varlables is applied to the master equation

t” = tk Y k” = k/k z(t) = x(t) exp(t/To) (81)

then the master equation becomes

. .Y .Y
dz /dt” = -ZYk q @)z, - );k v (p) z, (82)

+ ZZk’VY(q-»p) 2
Ygq

The solution zp now depends only on the product

t” =t k Y (83)

This scaling law can be used as a test of the independence of

To of quantum state p.

e. The Inverse Problem

The previous discussions have centered on what the
distribution xp(t) looks like for a given rate matrix qu.
The problem of experimentally determing V-T transfer
probabilities is the inverse of this problem. In this case,
we wish to find a transformation that will take observed

population distributions xp(t) into the transition
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probabilities of qu. This inverse problem is much more

difficult than the previously described problem.

A mutli-level system has many more transition
probabilities than it does have states. The distributuion
among n states has as many as nz-n transition probabilities.
For a weakly coupled system, many of these probablities are
nearly zero. But as the coupling increases, so does the
number of transitionm probabilities. That is, multi-quantunm

transfer becomes important.

In order to obtain enough information to determine all
n2-n transition probablities independently, the emission from
every state for each initially populated state must be
observed.171 In temporally-resolved spectra it may be
possible to substitute a lack of information on certain

”

(vo’,v’) emissions with the emission of a given (v° ,v7) at

widely different times.171

Note that this problem requires
using a large number of noisy spectra all at one time to make

a universal fit to the elements of qu.

T. Carrington has studied the general features of the
inverse problem and has found that a much greater degree of
precision in the data is required for the inverse problem.171
Carrington applied his analysis to a typical vibrational
manifold with six states and V-T transfer limited to Av 2.

For this example, the accuracy required in observed temporal

spectra 1s approximately ten times greater than the desired
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accuracy in the rate constants.171 P. Wolf experimentally

studied the accuracy required in observed temporal spectra for
V-T transfer in IF(B). He found a 10X scatter in observed
temporal spectra yielded a 50% uncertainty in V-T rate
constants.69 Carrington has also found that the assumption of
state-~independent collisionless decay rates, ro, is often

required to reduce the problem to a tractable form.

The inverse steady-state and pulsed energy transfer
experiments are essentially the same problem, with the steady-
state experiment being the time-averaged pulsed experiment.
The time average 1s over the complete range of lifetimes for
the excited state, This can easily be seen by integrating the

pulsed master equation over all time,

o0

/(dxp/dt) dt = [qu xq(:) dt (84)
[o]

The conditions

xp(o) = appo xp(°° ) =0

N 5% = [x (t) s dt
P P

can be used to rewrite equation (72) as
N = =S & (85)

Equation (85) is identical to the steady-state master
equation (29) and thus the steady-state condition is

equivalent to a time averaging of the density distributions.
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f. The Montroll Shuler Model

Theoretical solutions to the inverse problem have been
obtained under assumptions that relate the individual
transition probabilities to each other and thus reduce the
number of independent transition probablities to be extracted
from the spectrally-resolved data. One such solution is the
model developed by Montroll and Shuler.172 Transitions
involvingl|av|= 1 only are included, the scaling of probability
with vibrational quantum number is based on the Landau -Teller
Model,153 and detailed balance is used to relate all the
vibrational transfer rates to the single fundamental rate
constant ka(l-O), the rate constant for transfer from v“=1 to
v“ =0, The closed form solution for the population in state p,

zp [see equations (81) and (67)], after initially populating

state q 1s

5] 8 -t +
2 (1) = (1-e® o8° o787 - 1| P F(-p,-q,13u%)  (86)
(e-t - e % e ¢ —e8
where
6 = h\)olk'l‘

vy = the fundamental vibrational frequency
t7= k, (1-0) t (1-e™)
u = sinh(6/2)/sinh(t”/2)

F = hypergeometric function

The Montroll Shuler Model has the distinct advantage of

requiring only one temporal spectrum (the emission from one v~
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after initially populating a single vo’) to obtain the rate

constant ka(l-O), and thus the full rate matrix R A

Pq’
detailed description of this model is given in appendix D.

The Montroll Shuler model has been applied to vibrational
transfer in IF(B) and found to be a satisfactory description
of the energy transfer processes.69 The Javl= 1 only
assumption is valid since th/kT = 2 and mutli-quantum
transitions are unlikely. The low lying lev